To determine the timing and location of renal cell regeneration after ischemic injury to the kidney and to assess whether exogenous epidermal growth factor (EGF) enhances this regenerative repair process to accelerate recovery of renal function, experiments were undertaken in rats undergoing 30 min of bilateral renal artery clamp ischemia followed by reperfusion for varying time intervals. Renal cell regeneration, as reflected by incorporation of radiolabeled thymidine within the kidney, began between 24 to 48 h and reached a peak at 72 h after renal ischemia. As demonstrated by histoautoradiography, renal thymidine incorporation was essentially confined to tubule cells. Morphometric analysis of histoautoradiograph sections of renal tissue demonstrated that the majority of labeled cells were found in renal cortex, but some labeled cells were also located in the inner stripe of the outer medulla, suggesting that injury to medullary thick ascending limbs also occurs in this ischemic model. Exogenous EGF administration produced increases in renal thymidine incorporation compared with non-treated animals at 24, 48, and 72 h after ischemic injury. This accelerated DNA replicative process was associated with significantly lower peak blood urea nitrogen (BUN) and serum creatinine levels, averaging 63 +/-20 and 3.1 +/-0.4 mg/dl in EGF-treated ischemic rats compared with 149 +/-20 and 5.1 +/-0.1 mg/dl, respectively, in nontreated ischemic rats, and was also […] 
istration of EGF during the recovery phase of ischemic acute renal failure may accelerate renal epithelial cell regeneration and speed the time for recovery of renal excretory function. These experiments were, therefore, carried out to assess the effect of exogenous administration of EGF to enhance this replicative and recovery process.
Methods
Sprague Dawley rats (250-325 g) were anesthetized with a short-acting barbiturate, the abdominal cavity was exposed, and both left and right renal arteries were identified and clamped for 30 min. The clamps were released and perfusion to the kidneys reestablished. At time intervals of 24, 48, and 72 h after ischemia and reperfusion, [3H]thymidine incorporation into kidneys, as well as blood urea nitrogen (BUN) and serum creatinine levels, were determined with methods detailed previously for this laboratory (5) . In brief, I h before being killed, rats were given intraperitoneal injections of 200 MCi of [methyl-3H]thymidine diluted in 0.25 ml of sterile water. After the rats were killed by decapitation and exsanguination, the kidneys were quickly removed and cut longitudinally. Portions (100 mg) of the kidney were placed in cryogenic tubes and snap-frozen in liquid nitrogen. Samples were stored at -20 to -70'C for a maximum of 6 d before processing. Tissue samples were homogenized in ice-cold distilled water using a tissumizer (Tekmar Co., Cincinnati, OH). DNA was purified from 1.0 ml of homogenate. To obtain a complete time course, some animals were allowed to recover for 7 d after renal ischemia and blood samples were then obtained daily for BUN or serum creatinine measurements.
Radioactivity was measured on 0.5 ml of sample in 20 ml of Safety-Solve (Research Products International Corp., Mt. Prospect, IL) in a scintillation counter (model 9000; Beckman Instruments, Inc., Fullerton, CA). Counting efficiency was estimated by an internal standard. Serum samples were counted to assure consistent intraperitoneal absorption of the [3H]thymidine. Samples of the DNA extract were counted and corrected for sample DNA content.
To localize and identify the cells incorporating the radiolabeled thymidine within the kidney, histoautoradiography of kidney samples was also accomplished using methods previously published from this laboratory (5) . Kidneys were perfused in vivo with 2% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.2). Tissue sections from kidneys were placed in 4% formaldehyde, 1% glutaraldehyde, 100 mM phosphate buffer (7.2). Specimens were dehydrated and embedded in methacrylate. Tissue sections (4 ,m) were dipped in NBT-2 nuclear emulsion (Eastman Kodak Co., Rochester, NY) and stored in the dark at 4°C for 21 d. The sections were developed and counterstained with Lee's methylene blue-basic fuchsin. For quantitative evaluation, a computerized operator-interactive system was used as described previously (5). Sections were examined at 176 magnification, and 10-15 fields were counted in the cortex and outer and inner stripes of the outer medulla in each section for an individual animal. The cell type of the labeled cells was identified as either tubular or interstitial.
For the experiments that used EGF, rats were administered EGF (20 ,ug) subcutaneously 1-1.5 h after surgery. This dose of EGF is substantially lower than those employed in previously reported studies that administered EGF systemically (6, 7 
Results
The experimental design of this study produced a model of reversible ischemic acute renal failure, as demonstrated in Fig.  1 . Renal excretory function declined quickly after 30 min of bilateral renal artery clamping as reflected by BUN levels rising in the first 24 h of reperfusion from an average (±SE) control level of 21±2 to a mean of 126±9 mg/dl (n = 12). BUN levels peaked to levels of 158±21 (n = 13) at 48 h after ischemic insult and progressively improved thereafter, returning to near normal levels by day 7 (168 h).
As an indication of an increase in cell regeneration, [3H]-thymidine incorporation into DNA of the kidney began to rise between 24 to 48 h after renal ischemia, demonstrating at least a 24-h delay compared with the rise in BUN levels. Peak [3H]-thymidine incorporation, averaging 255±78 X 103 dpm/mg DNA, occurred at 72 h and fell precipitously thereafter (Fig. 2 ).
Histoautoradiographic studies were performed to determine the location of the cells labeled with [3H]thymidine.
Kidney sections from rats at 48 h after renal ischemia were used for histoautoradiographic analysis. (Table I) demonstrated that 52, 33, and 15% of all labeled tubule cells were located in cortex and outer and inner stripes of the outer medulla, respectively. 
Discussion
The syndrome of ischemic acute renal failure, as it occurs clinically and in animals, results from a complex interplay among cellular, nephronal, and hemodynamic processes. It is now widely recognized that loss of renal tubular epithelial cell viability results in loss of continuity of the tubular epithelium along the nephron and formation of cellular debris from injured tubule cells (1, 8) . These processes promote derangements in nephronal function and integrity by producing intratubular obstruction and backleak of glomerular filtrate and results in renal excretory failure (8, 9) . Consequently, the reversibility of ischemic acute renal failure depends on renal (10) . This toxic process resulted in necrosis of proximal tubule cells during the initial 24 h after mercuric chloride administration. Epithelial cell regeneration and repair, as measured by radiolabeled thymidine incorporation, began to rise between 24 and 48 h and peaked at 72 h after toxin exposure. This regenerative process resulted in complete relining of the nephron by 4-5 d after mercuric chloride administration. This time course of tubule cell regeneration and repair was very similar to that observed during the repair phase after renal ischemia in this study.
Ischemic acute renal failure is also characterized histologically by injury and necrosis limited to only selected segments of the nephron. Most observations have indicated that proximal tubule damage, primarily in the pars recta (S3 rather than the SI and S2 segments), predominates in animal models of ischemic acute renal failure (8, 1 1) . More recent data have also suggested an important role for injury to medullary thick ascending limbs (MTAL) due to the precarious oxygenation of the renal medulla (12) . This thesis was developed from observations of the susceptibility of MTAL to hypoxic injury in isolated perfused rat kidneys (13) and to both hemorrhagic hypotension (14) and simultaneous renal toxic and hypoperfusion stresses in whole animals (15 (21) , are the most effective growth-promoting substances identified so far for renal proximal tubule cells (3) . Substantially higher levels of EGF are found in urine compared with those found in blood, suggesting that the kidney may produce EGF (22, 23 -------------.
z | f f i s l s compared with normal circumstances. This enhanced replicative and repair process led to more rapid relining ofthe injured renal tubular epithelium and a shortened time to recover renal excretory function. This improvement in renal excretory function with exogenous EGF administration after renal ischemia has also been recently reported in preliminary form from another laboratory (28) . EGF has also been demonstrated to be important in repair processes in other tissues. EGF found in saliva has been suggested to accelerate the repair of cutaneous wounds in rodents as they lick the area of injury (29). Topical administration of EGF enhanced the repair of skin injuries (30) and corneal abrasions (31, 32) . TGF-alpha also has been shown to accelerate regeneration of the epidermis after partial thickness bums or split-thickness incisions in vivo (33) . This report is the first demonstration that EGF may also accelerate the repair process of a visceral organ after an injurious insult.
